Purpose: To evaluate peripapillary retinal nerve fiber layer (RNFL) thickness and radial peripapillary capillary (RPC) vessel density (VD) in the eyes with unilateral primary angle-closure glaucoma (PACG) with the visual field (VF) defect confined to the superior hemifield and compare these parameters with the corresponding perimetrically intact regions of the fellow eye with primary angle-closure (PAC) and normal control eyes, using optical coherence tomography angiography (OCTA). Materials and methods: This prospective, cross-sectional study included 28 eyes with unilateral PACG, with VF defects restricted to the superior hemifield, 28 fellow eyes with PAC, and 30 age-matched normal controls. Peripapillary RNFL thickness and RPC VD were measured in the eight peripapillary sectors, using OCTA, and these parameters were compared among the corresponding sectors of PACG, PAC, and healthy eyes using analysis of variance (ANOVA) with the Bonferroni post hoc analysis. Results: In PACG eyes, there was a significant difference in the RNFL thickness (p < 0.0001) and RPC VD (p = 0.001) between the superior and the inferior hemifield. In PAC and normal eyes, there was no significant difference in the RNFL thickness and RPC VD between the superior and the inferior hemifield. Within the perimetrically intact regions of the PACG eyes, the mean RNFL thickness was significantly reduced in the superonasal (SN) and upper nasal (UN) sectors (p = 0.02), but the VD did not show any significant difference, when compared to the fellow PAC eyes. In PACG eyes, the mean RNFL thickness was significantly reduced in the perimetrically normal SN and UN sectors (p < 0.0001) and the VD was reduced in the UN sector (p = 0.01), when compared to the normal eyes. When comparing the peripapillary sectors of the PAC and healthy eyes, RNFL thickness was reduced in UN (p = 0.02), lower nasal (LN) (p = 0.01), inferonasal (IN) (p = 0.02), and inferotemporal (IT) sectors (p = 0.03) and there was no significant difference in the VD in any of the sectors. Inside disc capillaries were preserved in all the three groups. Conclusion: Sector-wise RNFL thinning seems to precede the vascular changes and functional loss in the PAC and PACG eyes.
IntroductIon
Glaucoma is a multifactorial optic neuropathy characterized by a progressive retinal ganglion cell loss and glaucomatous visual field (VF) defect. In glaucoma, the structural damage may precede functional deficit, as seen in the white on white standard automated perimetry (SAP). 1 Decreased optic nerve head (ONH) perfusion and peripapillary vessel density (VD) has been reported in primary open-angle glaucoma (POAG) and primary angle-closure glaucoma (PACG). 2 -5 RPCs are the most superficial of the capillary layers, seen between the internal limiting membrane (ILM) and the RNFL. 6 Optical coherence tomography angiography (OCTA) imaging with RTVue-XR 100 Avanti OCT (AngioVue, AngioAnalytics, Optovue Inc., Fremont, CA) has a three-dimensional orthogonal registration algorithm called the split spectrum amplitude-decorrelation angiography (SSADA) for imaging and quantification of peripapillary RPC and ONH microcirculation. 5 , 7 Studies with OCTA have demonstrated reduced ONH and peripapillary VD in the patients with glaucoma. 8 -11 Recent OCTA studies have reported a significant difference in the RNFL thickness and VD in the perimetrically intact regions of POAG eyes, when compared to the normal eyes.
The study protocol was approved by the Institute Review Board of Anand Eye Institute, for research involving human subjects. Written informed consent was obtained from all the participants and the study was carried out in accordance with the tenets of the declaration of Helsinki.
All participants underwent a comprehensive ophthalmic examination, which included a detailed medical and ocular history, refraction, best-corrected visual acuity (BCVA) for distance and near, slit-lamp biomicroscopy, intraocular pressure (IOP) measurement with Goldmann applanation tonometry, gonioscopy with Sussman goniolens, dilated fundus evaluation, and SAP VF examination [Humphrey field analyzer (HFA) II, model 720i, Carl Zeiss Meditec, Dublin, CA], with the Swedish interactive threshold algorithm (SITA) standard 24-2 program. OCTA imaging of the optic disc and peripapillary region was performed with the RTVue-XR 100 Avanti OCT (version: A 2017,1,0, 151).
The study included 28 patients with unilateral PACG with the VF defect restricted to only superior hemisphere, 28 fellow eyes with PAC, and 30 control healthy eyes with the normal VFs on SAP. All PACG and PAC eyes had undergone laser peripheral iridotomy and were on anti-glaucoma medication (AGM) at the time of inclusion in the study. Pretreatment IOP, the IOP at which AGM was started, and the IOP at the time of obtaining OCTA were documented for all the eyes.
Normal subjects had no family history of glaucoma, IOP < 21 mm Hg, open angles on gonioscopy, normal anterior and posterior segments on the slit lamp examination, healthy optic discs (Fig. 1A) , and normal VF on HVF 24-2, SITA standard. Normal VF indices were defined as the mean defect and corrected standard deviation within 95% confidence limits and a glaucoma hemifield test (GHT) result "within normal limits" and had no point worse than the 2% probability level in the pattern deviation probability plot (PDPP) (Fig. 1B) .
Diagnosis of PAC disease was based on the definition proposed by the International Society for Geographical and Epidemiological Ophthalmology. 13 PAC was defined as an eye in which there is an irido-trabecular contact for at least 270° on gonioscopy without indentation, using appropriate illumination, with raised IOP and/or peripheral anterior synechiae, normal optic disc and VFs. PACG was defined as PAC with evidence of glaucomatous optic disc changes (neuroretinal rim narrowing, rim notching, and RNFL defect) and corresponding VF changes.
PACG eyes had SAP VF defect restricted to the superior hemifield. VFs were considered reliable if the fixation losses were <20%, and the false-positive and false-negative response rates were <15%. The criteria for an abnormal VF included GHT results outside normal limits, pattern standard deviation (PSD) of probability <5% level, and the presence of a cluster of 3 or more contiguous, nonedge points in the typical glaucomatous locations that did not cross the horizontal meridian in the PDPP, with probability (p ) < 5%, with at least one of them with a p value < 1%. 14 The opposite normal hemifield had no point worse than 2% probability level in the PDPP.
Inclusion criteria for all the participants were age ≥40 years, distance BCVA of 20/30 or better, and refractive error within ±4 diopter (D) sphere and ±2 D cylinder. Exclusion criteria were a history of ocular trauma, intraocular surgery (other than cataract) presence of media opacities (that prevented good quality OCT scans), or any retinal or neurological disease.
OCTA Data Acquisition Image Processing
OCTA imaging (AngioVue, AngioAnalytics v A 2017, 1, 0, 151) uses an 840-nm diode laser source, with an A-scan rate of 70 kHz per second. High-definition Angio disc has 400 B-scans, which are equally spaced on the X -axis and the Y -axis. Each B-scan has 400 A-scans, 640 pixels/A-scan, 400 A-scans/B-scan, and 400 B-scans/3D volume. OCTA uses the variation in OCT signal, caused by the moving particles, such as red blood cells, and compares the consecutive B-scans at the same location to detect blood flow, using motion contrast. Blood vessels are then delineated using the SSADA algorithm. 7 VD is defined as the percentage of area occupied by the large vessels and microvasculature in a particular region and is calculated over the entire scan area, as well as in the defined sectors within the scan.
The Angio disc OCTA scan is performed using volumetric scans covering an area of 4.5 × 4.5 mm scan size. The software automatically fits an ellipse to the ONH margin. The peripapillary region is defined as a 1-mm wide elliptical annulus extending from the ONH boundary. This peripapillary region is divided into eight sectors [temporal upper (TU), supero-temporal (ST), superior nasal (SN), nasal upper (NU), nasal lower (NL), inferior nasal (IN), inferotemporal (IT), and temporal lower (TL)] based on the modified Garway-Heath sector of 2-4 mm grid (Fig. 1C) . The software calculates peripapillary RNFL thickness and VD in each of these sectors and 2 hemispheres (superior and inferior). VD was calculated from the "RPC slab" which extends from the ILM to the posterior boundary of the RNFL (Fig. 1D) .
For the ONH structural measurement, optic disc margin is automatically detected based on Bruch's membrane opening (BMO). Optic cup is defined by ILM segmentation line crossing below the BMO plane.
Image quality was assessed for all the OCTA scans ( Fig. 1E ). Poor quality scans (defined as those with a signal quality (SQ) score of <6), images with residual motion artifacts, and segmentation errors were excluded from the study.
Statistical Analysis
Numeric data are presented as the mean and standard deviation. Independent 2-sample, Student t test was used for the group comparison of normally distributed variables; and Chi-square test was used to compare the categorical variables among the groups. Mean, hemisphere, and sector-wise OCTA-derived VD and RNFL thickness measurements were compared between the groups using ANOVA with the Bonferroni post hoc analysis. Statistical analysis was performed using the SPSS software (version 17, Inc., Chicago, IL, USA) and a p value < 0.05 was considered to be statistically significant.
results
There was no significant difference among the age, gender, IOP at the time of scan, central corneal thickness, history of systemic hypertension, diabetes mellitus, and disc area between the PACG patients and normal controls ( Table 1) . As expected, the mean deviation and the pattern standard deviation were higher in PACG eyes when compared with the PAC and normal control eyes.
In the PACG eyes, there was a significant difference in the RNFL thickness (p < 0.0001) and RPC VD (p = 0.001) between the superior and inferior hemifield. In the PAC eyes, there was no significant difference in the RNFL thickness (p = 0.24) and RPC VD (p = 0.34) between the superior and the inferior hemifield. In normal eyes also, there was no significant difference in the RNFL thickness (p = 0.3) and RPC VD (p = 0.5) between the superior and the inferior hemifield.
PACG vs PAC Eyes
In the PACG eyes with a inferior rim notch and corresponding RNFL defect (Figs 2A and 3A) and perimetrically affected superior regions (Fig. 2B) , the RNFL thickness was reduced in IN, IT, and LT sectors ( 
PACG vs Normal Eyes
When compared to the normal eyes, RNFL thickness was reduced in the LN, IN, IT, and LT sectors of the perimetrically affected regions (Table 2 ) and there was a corresponding decrease in the RPC VD in the PACG eyes. The mean RNFL thickness was significantly reduced in the perimetrically normal SN and UN sectors (p < 0.0001) but the VD was significantly reduced only in the UN sector (p = 0.01) when compared with the normal eyes.
PAC vs Normal Eyes
When comparing the peripapillary sectors of PAC and healthy eyes, the RNFL thickness was reduced in the UN (p = 0.02), LN (p = 0.01), IN (p = 0.02), and IT sectors (p = 0.03) and there was no significant difference in the VD in any of the sectors (Table 2 ). In the normal eyes, the dense peripapillary microvascular network of RPC was observed around the ONH (Fig. 1E) . In the PACG eyes with a hemifield defect, focal microvascular reduction or RPC dropout was seen at the corresponding sector of the RNFL defects ( Figs 2E and 3D ).
dIscussIon
In this study, OCTA was used for the quantitative evaluation of the structural OCT parameter (RNFL thickness) and peripapillary VD in the PACG eyes with VF defects, confined to the superior hemifield and compared it with the corresponding perimetrically normal sectors of the fellow PAC eye and healthy control eyes. As expected, the RNFL thickness and VD were reduced in the sectors corresponding to the hemifield defect in the PACG eyes, except in the LN sector. We also found that the RNFL thickness was decreased in the localized sectors of the perimetrically intact regions in the PACG and PAC eyes, when compared with the corresponding sectors in the normal eyes. On comparing PACG and PAC eyes, there was no significant difference in the VD in the perimetrically intact region. VD was reduced only in the UN sectors of PACG eyes when compared with the PAC eyes, in the perimetrically intact hemisphere.
With optical microangiography, Chen et al. 9 showed reduced peripapillary microcirculation in the normal hemisphere of 21 POAG eyes with hemifield defects. They found no significant difference in the RNFL thickness between the perimetrically intact regions of POAG and 20 healthy controls and concluded that the vascular changes precede structural and functional changes in glaucoma. This is contradictory to the other reports; 10 -12 however, in their study, normal subjects did not undergo HFA and the sectoral peripapillary VD was not analyzed.
The OCTA study by Yarmohammadi et al. 10 found a reduced peripapillary RNFL thickness and VD in the perimetrically intact hemifield in 58 POAG eyes when compared with the 28 healthy eyes and concluded that the structural and vascular changes precede functional damage in glaucoma. In their study also, sectoral peripapillary VD was not measured.
Using OCTA (optic disc scan protocol: 3 × 3 mm), Akagi et al. 11 reported that the peripapillary RNFL (defined as a 500-μm elliptical annulus around the disc) thickness is significantly thinner in the perimetrically intact region and found no difference in the peripapillary VD between the perimetrically intact regions of POAG and healthy eyes. They suggested that the RNFL thinning precedes vascular changes and functional loss. These findings are similar to what was observed in our study on the PACG eyes, despite certain differences, i.e., the older version of the AngioVue was used in their study, the peripapillary region was divided into six sectors based on Garway-Heath map, and the VD was measured from ILM extending up to 100 μm below the ILM. Pradhan et al. 12 studied sectoral VD and RNFL thickness in 31 POAG eyes with the VF defect restricted to one hemifield (24 eyes with superior hemifield defect and 7 had inferior hemifield defect) and compared it with the 41 age-matched control eyes using OCTA imaging (AngioVue, v2015.100.0.33, scan protocol 4.5 × 4.5 mm) for VD measurement. In the POAG eyes, the VD was reduced in the TU, SN, NU, and IT sectors and the RNFL was decreased in the ST, SN, NU, and IT sectors, despite being perimetrically normal. They concluded that the peripapillary vascular changes precede functional decline. Compared to our study, an older version of the AngioVue OCTA was used in their study and the peripapillary region was defined as a 0.75-mm annulus around the ONH, and the RNFL thickness was measured by RTVue-XR SD-OCT along a circle diameter of 3.45 mm, centered on the optic disc. In our study, the peripapillary region was defined as a 1-mm wide elliptical annulus around the optic disc and the RNFL thickness and VD were measured in the same corresponding 8 peripapillary sectors, all based on the GarwayHeath grid areas. All these OCTA differences in the parameters measured may have caused the difference in the study outcome.
In our study, sector analysis showed a reduced RNFL thickness in the SN and UN sectors of the perimetrically intact PACG eyes when compared to PAC and normal eyes and reduced RPC VD in only the UN sector of PACG eyes, when compared to the normal. On comparing PAC eyes and normal controls, RNFLT was reduced in the UN, LN, IN, and IT sectors, while the RPC VD did not show a significant difference in any of the sectors. This interesting observation shows that the reduction in peripapillary RNFL thickness precedes VD reduction and VF loss on SAP in PACG eyes with hemifield VF defect. Also, in the PAC eyes, there was a significant reduction in the RNFL thickness in selective sectors which could be due to an increase in IOP, which has preceded the functional loss as seen in the perimetrically normal hemifield. Probably, if these PAC eyes are not treated, they may be at a risk of progressive RNFL loss resulting in the perimetrically apparent functional visual loss and it also implies that the decrease in the VD seems to be a consequence of RNFL thinning.
In the perimetrically affected superior hemisphere of PACG eyes, LN sector did not show a decrease in RNFL thickness and VD. The reason for this could be that there is a wide variation in RNFL defect and VF loss among PACG eyes. Some eyes had a focal notch, localized, narrow RNFL defect with early VF loss, and a lesser degree of RNFL reduction (Fig. 2) , while some had wider notching with a wide wedge-shaped RNFL defect with more VF damage and a greater degree of RNFL thinning and VD reduction (Fig. 3) .
The strength of our study is that we have used a strict criterion to define normal VF in the PAC, healthy eyes and perimetrically normal hemifield of PACG eyes, which ensured that the normal regions without functional deficit were evaluated. SQ is known to have a significant positive association with peripapillary VD. 15 Some of the previous OCTA studies 9 , 11 have not performed VFs in the healthy controls and have not compared SQ between the glaucomatous and healthy eyes. In our study, only high-quality OCTA images (SQ > 6) were included and there was no significant difference between SQ of the OCTA images between the groups. Also, while comparing RNFL thickness and VD, the SQ was the same for both the parameters and the sector measurement was made in the corresponding area as opposed to the previous studies, where the VD was compared to the RNFL thickness, measured in 45° equally divided sectors. 10 -12 The present study has a few limitations. First, as we observed that the number of PACG eyes (n = 3) with VF defects limited to the inferior hemifield was small, we restricted the study to only the eyes with superior VF defects. Second, the effect of systemic antihypertensive and AGM on the VD parameters was not assessed, and we did not exclude patients with other vascular diseases like diabetes and hypertension. However, these parameters were well matched between the two groups (Table 1 ) and, therefore, any difference in VD is likely to be due to the disease itself. Third, being a cross-sectional study, we cannot comment on the cause-effect relationship between the VD and RNFL thickness.
In conclusion, peripapillary structural changes precede vascular loss and functional deficit in PACG, as the sectors that have no VF defect in PACG eyes already demonstrate RNFL thinning on OCT. In PAC eyes, RNFL thinning and VD loss precedes functional deficit. The extent of VD reduction and RNFL thinning varies in different peripapillary sectors. Longitudinal studies with a larger sample size may help to better understand the temporal relationship of RNFL thickness and VD loss in the PACG and PAC eyes.
conclusIon
We studied peripapillary RNFL thickness and RPC VD in the eyes with unilateral PACG with the VF defect confined to the superior hemifield and found that the RNFL thinning precedes vascular changes and functional loss in the PACG eyes.
references

